Distinct point mutations in the RET proto-oncogene are the cause of the inherited multiple endocrine neoplasia type 2 syndromes (MEN 2), and the congenital gut disorder Hirschsprung disease. The site and type of these mutations suggests that they have differing effects on the activity of the receptor tyrosine kinase encoded by RET. The normal function of the RET receptor tyrosine kinase has yet to be determined. However, this has been investigated by the inactivation of the RET gene in transgenic mice. The devel opmental abnormalities apparent in these mice, together with the observation that the major tissues affected in MEN 2 and Hirschsprung disease have a common origin in the embryonal neural crest, suggest that RET encodes a receptor for a developmental regulator involved in the genesis of a variety of neural crest derivatives, and in the organogenesis of the kidney.
INTRODUCTION AND CLINICAL CONSIDERATIONS
The multiple endocrine neoplasia (MEN) type 2 syndromes and Hirschsprung disease (HSCR) are neurocristopathies or disorders involving neural crest and its derivatives. MEN 2 is an autosomal dominantly inherited cancer syndrome in which developmental abnormalities may be associated with tumour development. HSCR is not a cancer syndrome. It is the con genital absence of autonomic ganglia of the gut.
There are 3 types of MEN 2, which differ in the spectrum of tissues involved (Table 1) . Families with MEN 2A have: medullary thyroid carcinoma (MTC), a tumour of the thyroid Ccells; phaeochromocytoma, a tumour of the adrenal medulla, in approximately 50% of individuals; and either hyperplasia or adenoma of the parathyroids in approximately 25% of individu als (Schimke, 1984) . While thyroid C-cells and the adrenal medulla are neural crest derivatives, the parathyroids develop from the third and fourth branchial arches and are therefore derived from endoderm (Moore, 1982) . Families with familial medullary thyroid carcinoma (FMTC) have MTC only (Famdon et al., 1986) . The majority of patients with MEN 2A and FMTC present in their second to fourth decades of life. However, clini cal evidence for C-cell hyperplasia is present in as many as 10% of gene carriers by the age of 10 (Ponder et al., 1988) , suggesting that C-cell hyperplasia may begin in utero or in childhood. By the time they are 30, clinical screening evidence of C-cell hyper plasia is present in almost 100% of patients. MEN 2B is similar to MEN 2A but is characterised by earlier age of tumour onset and such developmental abnormalities as intestinal ganglioneuromatosis, marfanoid habitus and atypical facies (Schimke et al., 1968; Chong et al., 1975) . The ganglioneuromatosis results from hyperplasia and dysplasia of the autonomic ganglia of the gut, which is also derived from the neural crest.
Hirschsprung disease is a congenital disorder characterised by functional intestinal obstruction resulting in megacolon. Abdominal distention and the inability to defecate manifest early in infancy. The functional intestinal obstruction is caused by the absence of the ganglion cells within Meissner's and Auerbach's plexuses (Okamoto and Ueda, 1967) . This is in contrast to the ganglioneuromatosis observed in MEN 2B. This observation, together with the fact that tissues of neural crest origin are involved in MEN 2, suggests that MEN 2 and HSCR share a common aetiology.
GENETICS
MEN 2 is inherited as an autosomal dominant trait, with agerelated penetrance (Ponder et al., 1988) . Approximately 50% of MEN 2A gene carriers will manifest with symptoms by the age of 55, and 70% by the age of 70 (Ponder, 1985; Ponder et (Frilling et al., 1992; Verdy et al., 1982) .
LOCALISATION OF THE SUSCEPTIBILITY GENES FOR MEN 2 AND HSCR
Linkage analysis, i.e. the examination of the segregation of alleles at a disease locus with respect to alleles at a known marker locus, revealed that the susceptibility gene(s) for all 3 syndromes of MEN 2 was localised to a small interval on chro mosome sub-band lOql 1.2 (Carson et al., 1990; Gardner et al., 1993; Lairmore et al., 1991; Mathew et al., 1987; Simpson et al., 1987) . Only one previously identified gene, the RET proto oncogene, which codes for a receptor tyrosine kinase expressed in neural crest-derived tissues (see below), was known to lie within the 480 kb MEN 2A region . Similarly, linkage analysis applied to large kindreds with HSCR demonstrated that the susceptibility locus for HSCR was on chromosome sub-band 10qll.2 (Angrist et al., 1993; Lyonnet et al., 1993) . Further, 5 patients were described with HSCR and partial deletion of chromosome sub-band 10qll.2 (Fewtrell et al., 1994; Luo et al., 1993; Martucciello et al., 1992) . Each of these deletions encompasses the RET proto oncogene.
Further study of the RET proto-oncogene led to the identifi cation of different mutations that predispose to the MEN 2 syndromes and HSCR.
RET ENCODES A RECEPTOR TYROSINE KINASE
By the criterion of structural similarity the RET proto oncogene encodes a receptor tyrosine kinase (RTK) (Takahashi et al., 1988 (Takahashi et al., , 1989 . RTKs are transmembrane proteins mediating cell-cell signalling. The intracellular tyrosine kinase domain is activated by ligand interaction with the extracellular domain (reviewed by Pawson and Schlessinger, 1993; Resh, 1993; Pazin and Williams, 1992) . The prevailing concept of mechanism of receptor activation (demonstrated for EGF, PDGF and CSF-1 receptors) is that ligand binding induces receptor dimérisation. This, in turn, activates intracellular signal transduction pathways by inducing autophosphorylation of the receptor's intracellular domain. This is accompanied by interaction of the phosphotyrosines generated with cellular proteins, and the phosphoryla tion of a range of cytoplasmic substrates. The ligand(s) of RET has yet to be identified, and perhaps the only clue to the identity of a RET ligand is the observation that the extracellular domain of RET shares homology with the extracellular domain of the cadherin superfamily (Schneider, 1992) . Cadherins are trans membrane proteins that mediate cell-cell adhesion principally (although probably not exclusively) by homophilic interactions (Takeichi, 1991 , Inuzuka et al., 1991 . This raises the possi bility that RET signalling may be activated by a homophilic cell-cell interaction, or by a heterophilic interaction with another cadherin superfamily member. The Dtrk RTK of Drosophila shares homology with neural cell adhesion molecules of the immunoglobulin superfamily, and is activated by such a homophilic adhesive interaction (Pulido et al., 1992) . Many of the events in the downstream signalling pathway of RET can be predicted by analogy to the better studied RTKs. Some of these events have begun to be investigated by the use of an EGF receptor-/?£T chimaera, in which the extracellular domain of RET has been replaced by the extracellular domain of the EGF receptor (Santoro et al., 1994) . EGF activation of the chimaera results in cell growth, transformation and phos phorylation of downstream target proteins.
Activated forms of the RET proto-oncogene were originally identified by transfection of tumour DNA into fibroblasts. RET was found to be activated by juxtaposition of 3' RET sequences with 5' sequences from other genes. RET activation occurred during the transfection assay, and activated RET was not found in the original tumour DNAs (from T cell lymphoma, colon carcinoma and gastric carcinoma) (Takahashi et al., 1985; Takahashi and Cooper, 1987; Ishizaka et al., 1988 Ishizaka et al., , 1989 Koda, 1988) . Activated RET has subsequently been found in vivo only in papillary thyroid carcinoma (PTC) Lanzi et al., 1992; Bongarzone et al., 1993) . In 25% of PTC, the 3' tyrosine kinase domain of RET is fused to the 5' terminal region of other genes that induce dimérisation and constitutive tyrosine kinase activity.
THE ROLE OF RET DURING EMBRYOGENESIS
The normal function of RET has yet to be determined. However, the discovery that RET mutations predispose to neurocristopathies suggests a central role for RET in the migration, proliferation or differentiation of neural crest derivatives. Further clues to the function of RET have been obtained from an examination of the expression pattern of RET mRNA, and the phenotype of mice in which the RET gene has been inac tivated.
The expression pattern of RET mRNA
In the post-implantation mouse embryo, RET mRNA is expressed in a temporally and spatially dynamic pattern in subsets of cells in the central nervous system (motor neuron lineages of the hind brain and spinal cord, neuroretina), the peripheral nervous system (autonomic nervous system, enteric nervous system, sensory ganglia), and the secretory system (nephrotome, Wolffian duct) (Pachnis et al., 1993) . This suggests that RET plays an important role in control of normal mammalian embryogenesis.
RET expression in subsets of the migratory neural crest cells originating from the hind brain and their derivatives is of par ticular interest in relationship to the disease phenotypes associ ated with RET mutations. It suggests that, as with HSCR mutations, MEN 2 mutations may act during the development of the affected tissue. The thyroid C-cells, adrenal chromaffin cells, mucosal ganglia, cranial mesenchyme and enteric ganglia, which are affected in MEN 2 and HSCR, are derivatives of the hind brain neural crest. Their precursors express RET during embryogenesis, both in the hind brain neural crest and in their transient location in the posterior branchial arches. The parathy roid gland, also affected in MEN 2A, is not a neural crest deriv ative, but is derived from the endoderm of the posterior branchial arches, which strongly expresses RET during embryo genesis. This reveals a common developmental link between the tissues affected in diseases linked to RET mutations.
In the adult mouse, strong RET expression is found in the brain and salivary gland, with weaker expression in the heart and spleen (Pachnis et al., 1993) . Low but detectable levels of expression are also found in the thyroid C cells, but no expression is detectable in the adrenal chromaffin cells. In contrast, MTCs and phaeochromocytomas strongly express RET, as do neuroblastomas, which are also tumours of neu roectodermal origin (e.g. Santoro et al., 1990; Takahashi et al., 1991) .
The phenotype of RET 'knock-out' mice
The RET gene has been disrupted in mice by homologous recombination in embryonic stem cells (Schuchardt et al., 1994) . RET+I-mice develop apparently normally; however, RET-/-mice die soon after birth and show a lack of enteric neurons throughout the entire length of the gut, and severe renal abnormalities.
The lack of enteric neurons in RET-/-is similar to HSCR in man, and emphasises the role of RET in the development of the enteric nervous system.
The renal agenesis or severe dysgenesis in RET-/-mice reveals a role for RET in kidney development which was implied by RET expression during embryogenesis in the Wolffian duct. The ureteric bud, an outgrowth of the Wolffian duct, induces adjacent metanephric mesenchyme to form the epithelium of the glomerulus and tubules. Reciprocally, the ureteric mesenchyme induces the ureteric bud to grow and branch to form the collecting system. Given RET expression in the tip of the ureteric bud, and the lack of kidney tissue in R E T deficient mice it is tempting to speculate that RET trans duces a signal (a RET ligand) from the kidney mesenchyme, which induces growth and budding of the ureteric bud.
It will be interesting to see if viable wild-type and RET-/-chimaeric mice can be made in order to analyse the effects of the loss of R E T in later life.
GERMLINE MUTATIONS OF THE f?£7 PROTO ONCOGENE IN MEN 2 AND HSCR
Missense mutations of the RET proto-oncogene have been found in the constitutional DNA of the majority of patients with MEN 2A, FMTC and MEN 2B (Carlson et al., 1994; DonisKeller et al., 1993; Eng et al., 1994; Hofstra et al., 1994; Mulligan et al., 1993b Mulligan et al., , 1994a . In MEN 2A and FMTC, the mutations alter 1 of 5 cysteine residues in exons 10 and 11 within the cysteine-rich domain of RET ( Fig. 1; Table 2 ). There is a correlation between the particular cysteine residue that has been mutated and the spectrum of tissue involvement. Thus, mutation at cysteine 634, which accounts for over 75% of mutations, is more frequent in families with MEN 2A (Mulligan et al., 1994a) , whereas mutation at the other cysteine codons is more frequent in families with FMTC (Mulligan et al., 1994a) . Moreover, within the group of families with mutation at codon 634, the particular mutation that changes cysteine (TGC) to arginine (CGC), is significantly associated with parathyroid involvement (but not with phaeochromocytoma) (Mulligan et al., 1994a) . Evidence against a founder effect to explain this In contrast to MEN 2A and FMTC, a single missense mutation affecting codon 918, altering a methionine (ATG) to a threonine (ACG), has been found in all but 2 patients with MEN 2B (Fig. 1; Table 3 ) (Carlson et al., 1994; Eng et al., 1994; Hofstra et al., 1994) . The 2 patients without the codon 918 mutation did not differ clinically from the rest of the patients with mutations .
Excluding the cases of HSCR with partial deletion of chro mosome sub-band 10qll.2, 23 sporadic and 25 familial cases of HSCR have been examined for mutations in RET. Of these 48, 2 sporadic and 8 familial cases were found to have point mutations scattered along the extracellular and tyrosine kinase domains of RET ( Fig. 1) (Edery et al., 1994; Romeo et al., 1994) . Seven had missense mutations in the extracellular domain of RET, 2 had nonsense mutations in exon 3 and 1 had a frameshift mutation predicted to result in truncated protein (Table 4) . 
SOMATIC MUTATIONS OF THE RET PROTO ONCOGENE IN SPORADIC TUMOURS
Although MTC and phaeochromocytoma are component tumours of the MEN 2 syndromes, they also occur as truly sporadic, i.e. noninherited, tumours. By analogy with other inherited cancer syndromes, one might expect that somatic RET mutations corresponding to the germline mutations observed in MEN 2A and MEN 2B would be involved in the tumourigenesis of these sporadic tumours. Of 31 sporadic MTC, 10 (32%) had somatic MEN 2B-type mutations (codon 918, changing ATG to ACG) (Table 5) Hofstra et al., 1994) . Donis-Keller et al. (1993) reported only one of an unknown number of sporadic MTC to have a mutation in exon 10 or 11: this was a 6 bp deletion, which removed cysteine 630 (Donis-Keller et al., 1993) . In contrast to sporadic MTC, 1 of 12 (8%) apparently sporadic phaeochro mocytoma had a somatic mutation of codon 918 and 2 (16%) had somatic missense mutations affecting cysteine 620 . Unfortunately, corresponding germline DNA was not available for the 2 phaeochromocytomas that had cysteine 620 mutations. No MTC and phaeochromocytoma from patients with MEN 2A or FMTC had a codon 918 mutation. Since only 3 of 20 RET exons have been analysed for somatic mutations in these tumours, it is possible that mutations elsewhere in RET (other exons or promoter) may also play a role in tumourigenesis.
TUMOURIGENESIS IN MEN 2 TUMOURS
Hyperplasia of the thyroid C-cells and adrenal chromaffin cells has been observed in patients with MEN 2. It is not known if this hyperplasia is monoclonal or polyclonal. Germline mutation of a single allele of RET is believed to be the initiat ing event in familial MEN 2 tumours. This first event may be sufficient to promote multiple foci of hyperplasia in neuroen docrine organs. If the hyperplasia were monoclonal, it would argue for the germline mutation being the initiating event but subsequent molecular events would likely be necessary for pro gression. However, if the hyperplasia were polyclonal, then germline mutation of RET would be the only event necessary for hyperplasia. Because of the possible mechanism of action of RET (see below) and because loss of heterozygosity of markers on chromosome sub-band 10qll.2 is the exception rather than the rule in MEN 2 and MEN 2-related tumours (Mulligan et al., 1993a) , loss of activity of the second RET allele probably does not occur. Indeed, it has been shown, by RT-PCR, that both alleles of RET are transcribed in MEN 2 and MEN 2-related tumours (Mulligan et al., 1993b ). However, it is possible that a second point mutation on the other RET allele occurs in the process of tumourigenesis. Subsequent somatic mutations, involving lp, 3p, li p , 17p and 22q (Mulligan et al., 1993a) , within the already hyperplastic tissues may lead to formation of MTC and phaeochromocytoma. There is little or no data available with regards to involvement of known oncogenes in this multistep process of oncogenesis in these tumours. Since loss of heterozygosity of markers on these chromosome regions, where there are known tumour sup pressor genes, has been demonstrated , subsequent loss of activity of one or more tumour suppressors probably plays a role in tumour formation. Known tumour sup pressor genes in the regions of loss include theVHL gene on 3p, WT1 on llp l3 , p53 on 17p and NF2 on 22q.
POSSIBLE EFFECTS OF THE MUTATIONS ON RET PROTEIN FUNCTION
The effects of the different RET mutations on receptor function remain to be determined. However, certain predictions can be made.
HSCR mutations
The nonsense mutations in HSCR are predicted to result in a highly truncated RET protein that will almost certainly be inactive. Hence, HSCR RET mutations in general probably create an inactive or partially active RET allele. This is con sistent with the deletion of one RET allele in some patients with HSCR (Martucciello et al., 1992; Fewtrell et al., 1994; . It is possible that the missense mutations in HSCR create an inactive RET protein that can also act as a dominant negative by inhibiting the activity of the RET protein derived from the normal allele by the formation of inactive het erodimers. The precursors of the enteric ganglia, and perhaps the ureteric bud, are more sensitive to the reduced dosage of RET than the other tissues that express RET during embryoge nesis, since these tissues (notably the C-cell and chromaffin cell precursors) are apparently normal in HSCR.
Whereas in man, apparently heterozygous inactivation of RET is sufficient to result in the phenotype (although with markedly incomplete penetrance), in the mice studied so far, heterozygous disruption of a RET allele is not sufficient to give rise to an HSCR phenotype (Schuchardt et al., 1994) . However, the homozygous RET 'knock-out' mice do display the absence of enteric ganglion cells of the myenteric and submucosal plexus, which characterises HSCR. This difference, and the incomplete penetrance of HSCR mutations in man, suggests that dosage effects and perhaps genetic background may be important. RET 'knock-out' mice also show severe renal abnormalities. In man kidney defects have not been previously recorded in association with HSCR, but now a few rare families with HSCR and renal dysplasias are being observed (our unpublished observations).
MEN 2 mutations
Although there is as yet no formal proof, it seems likely that the RET mutations in MEN 2 are dominant at the level of the cell. If so, this is in contrast to the other inherited cancer syndromes where the predisposing mutations have consistently been associated with loss of function. The evidence that MEN 2 mutations are dominant and activating is three-fold: (1) the absence of RET allele loss and concomitant expression of the wild-type RET allele in MEN 2B-and MEN 2A-related tumours argues for an activating rather than an inactivating mutation; (2) the contrasting effects of MEN 2B and HSCR mutations on enteric ganglion cells (overgrowth rather than absence) suggests these mutations have opposite effects, that is, the MEN 2B mutation results in an active RET allele; (3) heterozygous disruption of a RET allele in mice does not result in an MEN 2 phenotype (Schuchardt et al., 1994) .
Variable penetrance of expression of MEN 2 A and MEN 2B within a single family (Easton et al., 1989) , and variable spectrum of tissue involvement suggest that, as with HSCR, the germline mutation is not the only determinant of phenotype and that the possible effects of genetic background should also be considered. Substantial phenotypic variability is also seen between family members in other inherited cancer syndromes.
For example, colon cancer syndromes caused by mutation in the APC gene (Leppert et al., 1990; Spirio et al., 1992) . In a mouse model of familial colon cancer it has been possible to map the chromosomal location of a major modifier gene affecting the phenotypic expression of the APC mutation (Dietrich et al., 1993) . The same RET mutation can result in FMTC or MEN 2A (Table 2; Mulligan et al., 1994a) . This observation points to a more specific effect of genetic back ground. Since FMTC and MEN 2A families 'breed true' the genetic modifier must be closely linked to RET, and is perhaps the RET allele in which the disease mutation occurs.
The possible ways in which MEN 2A and MEN 2B mutations may activate the RET protein such that it is dominant at the cellular level are discussed below.
MEN 2A and FMTC mutations
If, indeed, the MEN 2A and FMTC mutations are activating, it is likely that they serve to enhance receptor dimerisation. There are now several examples of enhanced dimerisation associated with the oncogenic activation of RTKs. RET itself, met, and trk are activated by genomic rearrangements that generate hybrids containing the 3' tyrosine kinase domain linked to upstream sequences, which act as a constitutive dimerisation interface (Bongarzone et al., 1993; Rodrigues and Park, 1993; Greco et al., 1992) . Ligand-independent aggregation and oncogenic activation of the neu RTK is asso ciated with a more subtle mutation, an amino acid substitution in the transmembrane domain (Weiner et al., 1989) . The c-fms RTK provides a precedent for oncogenic activation by a mis sense mutation in the extracellular domain (Roussel et al., 1988) . This mutation leads to a constitutive increase in autophosphorylation. Studies with the neu RTK indicate a possible mechanism (Cao et al., 1992) by which the MEN 2A and FMTC mutations may enhance receptor dimerisation. Introduction of an extra cysteine residue proximal to the trans membrane domain induces receptor dimerisation, probably by the formation of inter-receptor disulphide bonds. Loss of a cysteine residue in MEN 2A and FMTC RET may free another cysteine residue normally involved in an intra-receptor disul phide bond allowing such a mechanism to operate. MEN 2A and FMTC mutations occur in conserved cysteine residues in the cysteine-rich region close to the transmembrane domain. The analogous region in the EGF receptor has been implicated in the formation of a ligand-binding pocket (Lax et al., 1988 (Lax et al., , 1989 . It is possible that MEN 2A and FMTC mutations do not induce receptor dimerisation per se; instead, these mutations may activate RET by increasing the affinity of the extracellular domain for a ligand or ligands.
The correlation of different MEN 2A mutations with different patterns of involvement of C cells, adrenal medulla and parathyroid may imply that the mutations differ in their effects on tissue-specific interactions between RET and another protein (possibly a ligand), or that these tissues differ in their sensitivity to a partially activated RET protein. Alter natively, the mutations may vary in their effects on differen tially expressed RET splice variants. Multiple splice variants are common in RTKs, and 3' alternate splicing of RET has already been identified (Tahira et al., 1990) .
The MEN 2B mutation
Methionine-918 is strongly conserved within the substrate recognition pocket of the tyrosine kinase catalytic core of receptor tyrosine kinases (Hanks et al., 1988) . Hence, mutation of this residue to a threonine in MEN 2B is predicted to strongly affect catalytic activity. This effect, however, is unlikely to be inactivating because a threonine at the equiva lent position is strongly conserved in src-related and ablrelated cytoplasmic tyrosine kinases (Hanks et al., 1988) . Instead, two effects singly or in combination are among the possible consequences of this mutation. The mutation may cause increased or ligand-independent activation of RET. The mutation causes RET to more closely resemble the cytoplas mic tyrosine kinases, which have no ligand. Src, for example, is activated by the dephosphorylation of a regulatory Cterminal phosphotyrosine (Cooper and Howell, 1993) . Second, a ligand-dependent or -independent change in substrate speci ficity of the tyrosine kinase enzymatic activity may be the result of the mutation.
A striking observation from the analysis of whether MEN 2 mutations occur somatically in sporadic tumours is that the MEN 2B mutation is common in sporadic MTC, whereas MEN 2A mutations have not been found (Table 5 ; Eng et al., 1994) . This may be explained by a greater susceptibility of the RET gene to the MEN 2B mutation. However, this could also indicate that a shorter time-window (perhaps during develop ment of the thyroid gland) exists during which the MEN 2A mutations are active and somatically occurring mutations can lead to MTC.
Whatever the actual effects of MEN 2 mutations may be, it is clear, given the differences between MEN 2A and MEN 2B, that simple constitutive activation of the normal RET signalling pathway cannot be the consequence of both mutations. Deter mination of the precise biological consequences of these mutations presents an exciting challenge.
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